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ABSTRACT 
The des ign  cons ide ra t ions  of bear ing  s e l e c t i o n ,  bea r ing  f i t s ,  bear ing  
i n s t a l l a t i o n  and thermal c o n t r o l  are d iscussed  f o r  a gimbal wi th  a h igh  
s t i f f n e s s ,  low f r i c t i o n  torque requirement .  
s m a l l  d iameter  spread a p a r t  o r  a l a r g e  diameter bea r ing  p a i r  r e s u l t e d  i n  a 
c l eane r ,  l i g h t e r ,  s t i f f e r  u n i t  w i th  t h e  l a t te r  s e l e c t i o n .  
Bearing f i t s  were designed t o  e l imina te  c l ea rances  wi th  to l e rances  of 
127x10-5 mm (50x10-6 i n )  on the  bea r ing  s h a f t s  and housings.  The problems 
i n  metrology are d iscussed  and a p r e f e r r e d  technique f o r  measurement of 
small cross-sec t ion  bea r ings  descr ibed .  A technique f o r  i n s t a l l a t i o n  t o  
a s s u r e  proper  s e a t i n g  of t h e  bear ing  i s  o f f e r e d .  
c o n t r o l l i n g  bear ing  f r i c t i o n  by a c t i v e  c o n t r o l  of bea r ing  temperature  grad i -  
e n t s  i nc lud ing  t h e  use  of bea r ing  unload test curves i s  descr ibed .  
Tradeoffs  between a quad set  of 
F i n a l l y ,  where t r a n s i e n t  thermal condi t ions  are involved,  a method of 
INTRODUCTION 
When adequate  s t i f f n e s s  of a device  r e q u i r e s  t i g h t  bear ing  f i t s  b u t  
o t h e r  cons ide ra t ions  prec lude  h igh  bear ing  stresses and h igh  bear ing  f r i c t i o n ,  
and on top  of t h a t  t h e r e  exists h igh  launch loads ,  a dynamic thermal environ- 
ment and weight  and space  l i m i t a t i o n s ,  how does one handle  t h i s  delimma? 
This paper desc r ibes  an approach t h a t  evolved f o r  handl ing a case of t h i s  
na tu re .  
BEARING SELECTION 
The problem concerned a two axis gimbal, F igure  1, i n  which t h e  s t r u c -  
t u r e  w a s  r equ i r ed  t o  have a s t i f f n e s s  of approximately 40 Hz. 
t i m e  t he  f r i c t i o n  had t o  b e  kep t  t o  a minimum f o r  proper  se rvo  ope ra t ion .  
The s i z e ,  weight  and power a v a i l a b l e  w e r e  a l s o  cr i t ical .  The azimuth 
bear ing  w a s  t h e  key element of t h e  gimbal design i n  c o n t r o l l i n g  both  t h e  
s t i f f n e s s  and t h e  f r i c t i o n  va lues .  Inasmuch as t h e s e  two c h a r a c t e r i s t i c s  
are d i r e c t  func t ions  of each o t h e r ,  i .e . ,  an i n c r e a s e  i n  pre load  f o r  
g r e a t e r  s t i f f n e s s  r e s u l t s  i n  an i n c r e a s e  i n  f r i c t i o n ,  t h e  s i t u a t i o n  w a s  l i k e  
t r y i n g  t o  walk a t i g h t r o p e  between adequate  s t i f f n e s s  and acceptab le  f r i c t i o n  
torque  levels.  
and lower p a i r s  spaced a p a r t  t o  provide over turn ing  moment s t i f f n e s s .  
F igure  2. 
a much c l eane r ,  more compact, l i g h t e r  weight and s t i f f e r  design.  The bear- 
ing  s e l e c t e d  was  26.7 cm (10.5 inch)  I . D .  x 29.5 cm (11.6 inch)  O.D. x 2.54 
cm (1.00 inch)  wide wi th  n i n e t y  (90) -635 cm (.250 inch)  diameter  b a l l s  i n  
each row. 
assembled i n  a DB arrangement w i t h  a pre load  of 125 pounds. 
A t  t h e  s a m e  
I n i t i a l  design s t u d i e s  looked a t  quad sets of bea r ings  wi th  t h e  upper 
See 
However one l a r g e  bear ing  p a i r  w i th  a h igh  c o n t a c t  ang le  provided 
The material i s  440C s t a i n l e s s  steel  and t h e  bear ings  are 
For t h e  e l e v a t i o n  
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ax i s ,  where t h e  d i s t ance  between bearings is  approximately 20 inches, two DF 
p a i r s  having 12.7 cm (5 .0 inch) bores with a .95 cm (.375 inch) c rossec t ion  
were se lec ted .  
Rulon A. 
The bearings w e r e  dry f i l m  lubr ica ted  with molybdenum d i s u l f i d e  and 
And a Rulon A plus  5% MoS2 r e t a i n e r  provides a lub r i can t  r e se rvo i r .  
BEARING FITS 
I n  order t o  maintain t h e  s t i f f n e s s  throughout t h e  temperature range an 
in t e r f e rence  f i t  of 760 t o  890 x mm (300 t o  350 x inch) w a s  speci- 
f i e d  with t h e  s h a f t  of t h e  azimuth bearing and 0 t o  127 x mm ( 0  t o  50 x 
For t h e  
e leva t ion  bearing, 127 t o  254 x mm (50 t o  100 x inch) c learance  
w a s  spec i f i ed  f o r  both inner and outer  diameters p r i o r  t o  preloading. 
t he  I . D .  con t r ac t s  and t h e  O.D. expands approximately 254 x mm (1.00 x 
ness i s  maintained. 
I n  order t o  achieve t h e  bearing f i t s  spec i f i ed ,  it required very accur- 
ate measurements of t h e  bearing diameters and then f a b r i c a t i o n  of t h e  s h a f t s  
and housings t o  f i t  t h e  se l ec t ed  bearings. However, i t  w a s  soon found t h a t  
measuring t h e  diameters of s m a l l  c rossec t ion  bearings i s  not  a simple th ing  
t o  do. A s  an experiment t h r e e  sets of bearings w e r e  s e n t  f o r  measurement 
t o  two sources which are reputed t o  be exper t s  i n  metrology and t h e  r e s u l t s  
w e r e  compared with t h e  bearing vendor-supplied da ta .  
s u l t s  are shown i n  Table I. 
inch) clearance f i t  with t h e  housing, p r i o r  t o  preloading. 
Since 
inch) when t h e  preload i s  applied,  a l l  c learances  are removed, and s t i f f -  




I .D .  (-1) I . D .  ( -2) 





294.63550 266.69652 266.69619 
(11.599823) (10.499863) (10.499850) 
294.63218 266.69937 266.69683 
(11.599692) (10.49975) (10.499875) 
294.63111 266.69594 266.69467 
(11.599650) (10.499840) 10.499790) 
294.63294 266.69728 266.69589 
(11.599722) (10.499893) (10.499838) 
MEAN DEVIATION 0.00170 0.00140 0.0081 
(0.000067) (0.000055) (0.000032) 
MAX. DIFFERENCE 0.00439 0.00343 0.00216 
(0.000273) (0.000135) (0.000085) 
I n  another experiment, one of t h e  sources w a s  asked t o  measure t h e  same 
diameter each day f o r  f i v e  successive days using t h e  s a m e  operator and 
same instruments. The d i f f e rence  i n  t h e  r e s u l t s  averaged approximately 
100 x mm (40 x inch) wi th  a t o t a l  spread of about 315 x mm 
(125 x inch). 
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It w a s  found t h a t  p ick ing  up a small c rossec t ion  bear ing  i s  very  much 
To overcome 
This  is done 
l i k e  p ick ing  up a w e t  noodle t h a t  has  been formed i n t o  a r i n g .  
w i l l  move i n  t h e  d i r e c t i o n  i n  which hand p res su re  i s  appl ied .  
t h i s  e f f e c t ,  t h e  procedure f o r  measurement which w a s  adopted provides  an 
i n t e g r a t e d  average of t h e  r ad ius  around t h e  en t i r e  per imeter .  
by u t i l i z i n g  a set of gage blocks s tacked  t o  the  nominal diameter t o  be  
measured. This  s t a c k  is  centered  on an Indi ron  t a b l e .  A two gram f o r c e  
i n d i c a t o r  probe is  used t o  p l o t  t he  l o c a t i o n  of t h e  ends of t h e  s t a c k  on t h e  
Indi ron  Char t  wi th  t h e  scale set f o r  254 x 10-6 inch)  pe r  d i v i s i o n .  A circle  
drawn between t h e  two d i a m e t r i c a l l y  opposed low p o i n t s  r ep resen t s  t h e  nominal 
diameter ,  see Figure  3 .  Without changing t h e  s e t t i n g ,  t h e  gage b locks  are 
removed and the  r i n g  t o  be  measured centered  on t h e  Indi ron  Table.  The 
r i n g  diameter  i s  then run wi th  t h e  two gram probe and p l o t t e d  on t h e  same 
cha r t .  The average d i f f e r e n c e  between t h i s  p l o t  and t h e  nominal diameter 
c i rc le  is  then determined from which t h e  bear ing  diameter is  e s t ab l i shed .  
The diameter 
BEARING INSTALLATION 
Bearing i n s t a l l a t i o n  w a s  c a r e f u l l y  superv ised  t o  be s u r e  t h a t  t he  bear- 
ings  were proper ly  o r i e n t e d  and a l igned  b u t  of  most concern w a s  making s u r e  
t h a t  t h e  bear ings  were f u l l y  sea t ed  wi thout  applying excess ive  f o r c e s  t o  
the  bear ings .  
th reads  l u b r i c a t e d ,  t h e  torque t o  be  appl ied  t o  the  screws o r  threaded 
r e t a i n e r  which w i l l  r e s u l t  i n  a reasonable  f o r c e  t o  be appl ied  t o  the  bear-  
ing  can r e a d i l y  be ca l cu la t ed .  For a DB bear ing  p a i r ,  t h e  housing can be 
heated,  t h e  bear ing  i n s e r t e d  and t h e  r e t a i n e r  torqued down. The housing 
and bea r ing  subassembly is  then heated and i n s t a l l e d  on the  s h a f t .  The 
s h a f t  r e t a i n e r  is  then torqued down. On t h e  s u r f a c e  t h a t  would appear t o  be 
a l l  t h e r e  i s  t o  i t .  However, due t o  t h e  d i f f e r e n c e  i n  temperature between 
the  bea r ing  and i ts  mating p a r t  a t  t h e  t i m e  i t  i s  clamped by t h e  r e t a i n e r ,  
t he  bea r ing  may n o t  be centered  o r  proper ly  preloaded. 
cedure t h a t  w a s  used w a s  t o  a l low the  assembly t o  cool  down u n t i l  i t  w a s  
c l o s e  t o  room temperature.  The retainers w e r e  then loosened t o  a l low t h e  
bear ings  t o  c e n t e r  themselves and then r e t igh tened .  For the  o u t e r  races and 
housing, t h i s  is adequate.  However, f o r  t h e  i n n e r  races and s h a f t ,  wi th  a 
DB p a i r ,  t h e  preload i n  t h e  bear ing  tends t o  separate t h e  r aces .  When t h e  
r e t a i n e r  is  r e t igh tened ,  it is necessary  t o  overcome t h e  f r i c t i o n  between the  
bear ing  and s h a f t  as w e l l  as the  pre load  and f r i c t i o n  i n , t h e  threads .  This  
does n o t  l e n d  i t s e l f  r e a d i l y  t o  c a l c u l a t i o n  s i n c e  the  normal f o r c e  between 
bear ing  and s h a f t  is  d i f f i c u l t  t o  determine. The approach t h a t  w a s  used w a s  t o  
t i g h t e n  t h e  r e t a i n e r  i n  incremental  s t e p s  and measure t h e  f r i c t i o n  torque 
of t he  bea r ing  a t  each s t e p .  A running p l o t  of t h e  f r i c t i o n  torque versus  
t h e  t i g h t e n i n g  torque  w a s  made, see Figure  4 .  When t h e  s lope  of t he  p l o t  
f l a t t e n e d  o u t  so  t h a t  t h e  f r i c t i o n  w a s  e s s e n t i a l l y  t h e  same f o r  t h r e e  va lues  
of t i g h t e n i n g  torque t h e  bear ing  w a s  considered t o  be  sea ted .  For the  DF 
bear ings ,  t h e  procedure r e q u i r e s  t h a t  t h e  s h a f t  be i n s t a l l e d  f i r s t  and then 
the  housing added. 
There is  no problem s e a t i n g  an unloaded bear ing.  With t h e  
Therefore ,  t h e  pro- 
THERMAL CONTROL 
The above procedures may be  adequate f o r  s t a b l e  temperatures ,  however 
t r a n s i e n t  thermal condi t ions  can create l a r g e  temperature g rad ien t s  ac ross  
t h e  bear ings .  
stresses and f r i c t i o n  a t  one extreme,and cause the  bear ings  t o  become unloaded 
These can induce condi t ions  of excess ive  bear ing  loads ,  
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r e s u l t i n g  i n  a l o s s  of s t i f f n e s s  a t  t h e  o t h e r  extreme. To overcome t h i s  
problem, active thermal con t ro l  of t he  temperature g r a d i e n t s  can be  appl ied .  
In  t h i s  form of thermal con t ro l ,  t h e  bulk temperature  is  permit ted t o  vary ,  
bu t  t h e  temperature  d i f f e r e n c e  between t h e  s h a f t  and housing i s  maintained 
a t  a s e l e c t e d  va lue  which w i l l  r e s u l t  i n  a moderate p o s i t i v e  load  on t h e  
bear ings .  
t u r e  g r a d i e n t ,  AT, ac ross  a bear ing  is  much g r e a t e r  than t h a t  of t h e  bulk  
temperature.  I n  t h e  s u b j e c t  gimbal, thermal a n a l y s i s  i nd ica t ed  t h a t  t h e  
azimuth bea r ing  s h a f t  always tended t o  be coo le r  than  t h e  housing. 
f o r e  h e a t e r s  were requi red  only on t h e  s h a f t  t o  prevent  t he  bear ings  from 
becoming unloaded. With t h e  e l e v a t i o n  bear ings  t h e  r eve r se  w a s  t r u e ,  there-  
f o r e  h e a t e r s  were requi red  only on t h e  housings t o  prevent  excess ive  loads .  
maintained, h e a t e r s  and temperature sensors  were appl ied  t o  the  housings 
and s h a f t s  and bear ing  unload test  curves were p l o t t e d ,  see Figure 6.  
i s  a technique where t h e  temperature g rad ien t  ac ross  the  bear ing  i s  v a r i e d  
and the  bea r ing  f r i c t i o n  torque va lues  (TF) measured and p l o t t e d .  
va r i ed  from zero o r  some nega t ive  va lue ,  where t h e  s h a f t  i s  w a r m e r  than t h e  
housing t o  inc reas ing  p o s i t i v e  va lues .  A s  t h e  housing becomes w a r m e r ,  TF 
w i l l  cont inue  t o  decrease u n t i l  t h e  bear ing  becomes unloaded a f t e r  which TF 
w i l l  remain cons tan t .  From t h e  unload curve a va lue  of AT can be  s e l e c t e d  
where t h e  f r i c t i o n  is some s a f e  va lue  above unload and t h e  a s soc ia t ed  
stresses can be computed. 
s e l e c t e d  va lue .  Provis ion  w a s  a l s o  made t o  inc rease  AT i f  f o r  some reason 
an undes i r ab le  inc rease  i n  f r i c t i o n  torque occurred.  See Figure 7 .  Con- 
ve r se ly ,  AT may be  decreased i n  t h e  event  t h a t  t h e  bear ing  approaches an 
unloaded condi t ion .  
A s  shown i n  F igure  5, t he  e f f e c t  on f r i c t i o n  and stress of t h e  tempera- 
There- 
To e s t a b l i s h  t h e  levels  of temperature g rad ien t  (AT) which should be 
This  
AT is  
A system of thermal con t ro l  of AT w a s  then app l i ed  t o  maintain t h e  
CONCLUSIONS 
When t h e  requirements f o r  a gimbal spec i fy  a s t i f f  s t r u c t u r e  and low 
f r i c t i o n ,  t h e  bear ing  w i l l  probably be  t h e  most c r i t i c a l  element. Carefu l  
s e l e c t i o n ,  measurement, f i t t i n g  and i n s t a l l a t i o n  are e s s e n t i a l .  Ca re fu l  
a n a l y s i s  of thermal condi t ions  may reveal a need f o r  active thermal con t ro l .  
Control  of bear ing  temperature g rad ien t s  provides  a means f o r  c o n t r o l l i n g  
f r i c t i o n .  
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